In this paper, a microstructured optical fiber with dual core was proposed which is known as photonic crystal fiber. Specific optical properties of a dual-core photonic crystal fiber were used to obtain high birefringence, small beat length, flattened dispersion, for different values of structural parameters varied over a wide range of wavelength and analyzed for application such as temperature and pressure sensors. The sensitivity of the temperature sensor is calculated as 20 pm/°C for 6 cm fiber, the sensitivity of the pressure sensor for a range from 0 to 1000 kPa is calculated as -10.5 nm/MPa.
Introduction
A new type of microstructured optical fiber is known as a photonic crystal fiber (PCF). It consists of very small and closely spread out air holes. In the PCF the lights are confined inside the silica tubes. Due to special properties of the PCF, they have attracted an attention which resulted in a number of researchers in the recent years. In [1] a new type of fiber to carry the light signal in a hollow core by photonic band gap cladding has been introduced. In [2] another type of PCF with a cladding structure of periodic air holes in silica has been proposed. The main parameters considered in designing a PCF are the diameter d of air holes and the distance between the centers of the two adjacent air holes D, and are shown in Fig. 1 . Photonic crystal fibers are produced by a stack and draw method.
The PCF coupler is one of the important elements in the future optical networks [3] [4] [5] [6] . Realization of a dual-core PCF allows us to design efficient PCF couplers, wave-length multiplexers and demultiplexers, splitters, filters and sensors [7] [8] [9] [10] [11] . When compared to conventional optical couplers, a dual-core PCF coupler has more advantages. That is, it is easy to design, is flexible and has small coupling wavelength. The important physical properties of a dual-core PCF are coupling length and birefringence. The main feature of this dual-core PCF is that it can be used as a temperature and pressure sensor in some applications. For temperature measurements in basic metals and glass productions, in critical turbine areas, power generation operations, ovens, sintering operations rolling lines in steel furnaces, and in automated welding equipment (having large electrical fields), fiber optic sensors can be used. In applications as high temperature processing operations in cement and chemical industries, optical fibers based temperature measurement has proved to be quite efficient. Accordingly, temperature-based PCF sensors were developed to produce new sensors with improved characteristics, sensibility and stability. Studies influencing the geometry and the material quality in the high birefringent PCF sensitive to temperature were developed [12] . A polarimetric examination of this kind of high birefringent PCF confirmed a sensitivity of 0.136 rad/°C at 1310 nm [13] .
The most recent approach to temperature measurements using PCFs is by inserting them in a hollow core of a PCF and filling them with liquid to attain a sensitivity of 70 pm/°C [14] . Solid core PCFs, air holes of the cladding are filled with nanoparticle fluid, and depending on the length of the fiber (from 5 to 10 cm), a temperature sensitivity of 0.045-0.06 dB/°C was achieved [15] . By filling 10 cm of solid-core PCFs with a less expensive liquid, like ethanol, a sensitivity of 0.315 dB/°C was reported [16] . On infiltrating one of the air holes of a solid-core PCF having a refractive index of 1.46, the sensitivity to temperature has been proved to be ~54.3 nm/°C [17] .
In many industries with oil and gas exploitations, turbine engines, compressors, power plants and material processing systems, pressure measurements are required. Due to the high temperatures, corrosive agents or electromagnetic interference present in harsh environments conventional sensors are difficult to apply. Fiber optic pressure sensors have been proved to be effective in such environments as they possess high operation temperature, wide bandwidth, lightweight, high sensitivity, long life and are immune to electromagnetic interference. Hydrostatic pressure up to 180 bar with a pressure sensitivity of 11.2 pm/bar can be measured using periodically tapered LPGs written in an endlessly single-mode PCF [18] .
Polarimetric measurement is a popular technique for pressure sensing. Several authors reported the polarimetric studies and measurements leading to the development and application of pressure sensors based on the commercial Hi-Bi PCF, at three different temperatures. The study of pressure sensing with this PCF portrayed its temperature insensitivity, at the same time measuring pressure variations [19] . Intensity measurement of pressure with a sensitivity of 2.34 × 10
was later illustrated [20] and wavelength measurements of pressure variation showed a sensitivity of 3.38 nm/MPa at an operating limit of 92 MPa [21] which led to practical applications. Tsunami sensing, as the high pressure sensitivity along with temperature insensitivity, makes the sensor apt to work in a harsh environment such as the ocean bottom [22] .
The main objective of this paper is to analyze physical properties of the dual-core PCF to obtain high birefringence, small beat length, and flattened dispersion for different values of structural parameters varied over a wide range of wavelength and analyzed from the point of view of potential applications like temperature and pressure sensors.
Proposed dual-core PCF design
The proposed dual-core PCF structure is shown in Fig. 2 In a dual-core PCF, the two cores are surrounded by 10 air holes. The proposed structure is analyzed for two different situations. First, the proposed PCF is analyzed by keeping an air hole diameter of 1.40 µm as constant and changing the D value. In the second case, the distance between the center of air holes D is constant and changing the diameter d value. Different d /D values are considered for analyzing the proposed dual-core PCF structure in the two cases. Figure 2 shows the light captivity electric field x-polarized even mode. The proposed dual-core PCF is made up of silica material with a refractive index value of 1.45. Figure 3 light captivity electric field x-polarized even mode. Also Fig. 3 shows the two-and three-dimensional light captivity diagrams.
The light gets confined into two cores for each wavelength. The effective indices for wavelength in the range from 0.85 to 1.65 μm are noted for x-polarized light even and odd modes and y-polarized light even and odd modes from the simulated structure. The polarized lights are differentiated based on the direction of the electric field. Figure 4 shows four different modes for the electric field profile of x-and y-polarized mode. Two arrows pointing in opposite directions denote the odd mode and in the same direction even mode. The structure is simulated for different structural parameters. The structure is simulated using a finite element method for different d /D values of 0.5, 0.6, 0.7, 0.8 and 0.9 and the properties are analyzed.
T a b l e 1. Parameter values for different structures in two cases. Effective index, birefringence, beat length and chromatic dispersion are discussed for a broad wavelength range from 0.85 to 1.65 µm. The structure with d /D of 0.7 is considered as common in both scenarios and discussed. 
Analysis of optical properties of dual-core PCF

Effective index
The proposed PCF structure produces a strong wavelength and it is different from silica material. It permits to design a new PCF with new features differing from the existing methods. Figures 5 and 6 , explain the first and second case, respectively, which indi-cates the changes in the effective mode index with wavelength. It is observed that, when the wavelength is increased, the value of the effective index decreases because at higher wavelength light confinement is weak. In shows the variation of the effective index with wavelength for different d/D ratios when the diameter d is varied and D is kept constant.
T a b l e 2. Effective index for case 1 and case 2 at 1.55 μm. 
Birefringence
Birefringence is defined as the difference between the propagation constants or mode indices of the slow and the fast polarization modes. Birefringence is the difference between the mode indices of the orthogonally polarized modes , the birefringence decreases with an increase in the for d/D of 0.7 which is good as compared to birefringence [23] . From Figs. 7 and 8 , it is very clear that when d/D ratio is increased, birefringence also gets increased. For higher d/D ratio, high birefringence is obtained. If birefringence is higher, then the x-and y-polarized light splits from each other at a certain length of fiber and it can be realized as a splitter. Table 3 T a b l e 3. Birefringence for case 1 and case 2 at 1.55 μm. shows the birefringence for case 1 and case 2 at 1.55 μm.
Beat length
The beat length of the fiber is calculated by using the following equation:
where λ and B represent the wavelength and birefringence of the fiber [24] . Beat length variations with wavelength for two different cases are shown in Figs. 9 and 10. High birefringence can eliminate the fluctuation in polarization state and hence the coupling from one polarization to other is difficult. Lesser value of beat length indicates the larger value of birefringence and therefore, the fiber having high polarization holding ability. As polarization holding ability is measured in terms of beat length, at higher birefringence, smaller beat length is obtained which results in no significant effect on polarization state. The fiber with high birefringence has a typical value of beat length in the . Table 4 T a b l e 4. Beat length for case 1 and case 2 at 1.55 μm. shows the beat length for the case 1 and case 2 at 1.55 μm.
Beat length [mm]
d/D = 0.5 d/D = 0.6 d/D = 0.7 d/D = 0.8 d/D = 0
Chromatic dispersion
Chromatic dispersion plays an important role in governing the pulse width and peak intensity evolving along the fiber length. Chromatic dispersion includes material dispersion and waveguide dispersion [25] . Material dispersion refers to the wavelength dependence of the refractive index of a material caused by the interaction between the light and ions, molecules or electrons in the material. that two zero dispersion is obtained for most of the T a b l e 5. Dispersion value for case 1 and case 2 at 1.55 μm. cases.
When the size of the air holes increases, two zero dispersion is observed for all d/D ratios. The non-zero flattened dispersion is obtained at a lower value of d = 0.8 µm over a wavelength range from 1.20 to 1.70 µm but as the diameter of air holes increases, flattened dispersion is obtained with a higher value, as shown in Fig. 12 . While D increases in the first case, two zero dispersion occurs at d/D ratio of 0.7 as shown in Fig. 11 . When D is varied with constant diameter of air holes, flattened dispersion is noticed but with a higher value. Table 5 illustrates the dispersion value for case 1 and case 2 at 1.55 μm.
Dual core PCF based temperature and pressure sensor
When pressure or air is applied on the silica fiber, it changes the refractive index of the fiber. Variations in the refractive index is given by
Here v x , v y and v z are the variables used to define the pressure; c 1 = 6.5 × 10 /N are pressure coefficients of the silica material. FEM analysis is used to find the pressure in the silica material. When pressure is applied on the dual core PCF, it leads to changes in the refractive index difference Δn 21 . When pressure is applied on the dual core PCF, due to the strain optic effect, it will change the refractive index of the fiber and it will lead to variations in the spectrum transmission [26] .
When fiber is subjected to temperature, it changes the refractive index of the fiber because of the thermo-optic effect [27, 28] . The silica material thermo-optic coefficient is 10 -5 /°C. When temperature t is applied, the refractive index of the fiber is given by n t = 1.5 + 10 -5 t. That is, based on the temperature, the refractive index of the dual core PCF will get varied. When temperature is applied on the fiber, it leads to variation in the refractive index difference Δn 21 . Hence, there is a change in the dual core PCF and transmission spectrum depends on the applied temperature.
The dual core PCF spectral variation depends on the applied temperature which is shown in Fig. 13 . The spectral variation is observed when the dual core PCF is subjected to different temperature values. At very high temperature, there is a spectral variation in the longer wavelength due to the small refractive index difference. When the fiber surrounding temperature increases, the fiber transmission curve moves to the right side. It gives the full spectra for general operation.
There is a change in the peak wavelength under different temperature values from 0 to 1000°C. When temperature increases, there is a large variation in the peak wavelength and it is shown in Fig. 14. From Fig. 14 , it is observed that the transmission curve of the fiber gets varied by 5 nm for every 200°C. Therefore, the sensitivity of the fiber sensor is calculated as 20 pm/°C for 6 cm fiber. . It is observed that there is a linear variation in birefringence with respect to the increase in temperature. The transmission spectra of the dual core PCF for different pressure levels are shown in Fig. 16 . different pressure levels, there is a change in the peak of transmission curve. When pressure is applied to both sides of the fiber, the transmission curve of the fiber moves to a lower wavelength. From Fig. 17 , it is observed that the peak transmission curve moves to a lower wavelength of 2.0 nm for every 200 kPa pressure value. Hence, the sensitivity of the fiber sensor is calculated as -10.5 nm/MPa. Figure 18 explains the variations in the birefringence for different pressure values. It is observed that there is a linear decrease in birefringence values with respect to different pressure values from 0 to 1000 kPa at 1550 nm. From these results it is clear that the proposed dual-core PCF based temperature and pressure sensor perform well as compared with existing works [27] [28] [29] [30] . The comparison of the proposed dual-core PCF based temperature and pressure sensor with the existing works is shown in Table 6 T a b l e 6. Comparison of the proposed dual-core PCF based temperature and pressure sensor with existing works.
When fiber is
Method
Sensitivity of pressure sensor Method Sensitivity of temperature sensor Pandey's scheme [29] 5.3/MPa Yu Yongoin's scheme [16] 8.17 pm/°C Pandey's scheme [30] 3.0 × 10 6 Pa Ju's scheme [13] 42.4 pm/°C Shinde's scheme [22] 3.24 nm/MPa Geng's scheme [27] 71.5 pm/°C Proposed scheme -10.5 nm/MPa Proposed scheme 20 pm/°C .
Conclusion
A dual-core PCF was designed in this study. In addition, its physical properties were analyzed to obtain high birefringence, small beat length, and flattened dispersion for different values of structural parameters varied over a wide range of wavelength and analyzed for applications such as temperature and pressure sensors. The sensitivity of the temperature sensor was calculated as 20 pm/°C for 6 cm fiber, and the sensitivity of the pressure sensor was calculated as -10.5 nm/MPa. The proposed dual-core PCF structure was found to have more pressure sensitivity and less temperature sensitivity. Hence, the proposed fiber structure can be used in oceanic applications.
